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INTRODUCTION

1
Ferritic stainless steels, containing little or no nickel, have properties such as excellent 2 resistance to oxidation and corrosion, and lower cost. There are number of problems 3 which frequently arise in the manufacture of stainless steels. One of these is surface 4 defects such as scoring, scratching and sticking. Scoring means that the metal is 5 removed either through cutting or plastic deformation and the surface appears grooved 6 or ridged. Scratching is the metal damage due to the contact of the metal with small 7 abrasive particles (1). Sticking refers to the phenomenon where the fragments of the 8 rolled materials are detached and get stuck to the work roll surface (2, 3) . This is a 9 defect which frequently occurs during the hot rolling process, deteriorating the 10 surfaces of both the rolls and the rolled materials (4). It has been found that the 11 sticking does not occur in the surface region containing oxides, but most likely in the 12 surface region without oxides (Ha et al. (5) ). This indicates that the resistance to 13 sticking is increased by the increase in the surface hardness brought about by a large 14 amount of oxides being formed in the surface region. Sticking occurs most frequently 15 for those steels containing higher levels of chromium. There was a critical value 16 which was found to be 3 m of the scale thickness in the suppression of the sticking 17 phenomenon (Jin et al. (6) ). It has also been found that the addition of Zr, Cu, or Si 18 has a beneficial effect on the sticking resistance, while the addition of Ni does not 19 have a large effect on the sticking (Ha et al. (7)). In Si-rich steel, Si oxides form first 20 in the initial stage of the high temperature oxidation, and act as initiation sites for
21
Fe-Cr oxides. This accelerates the formation of Fe-Cr oxides, and thus decreases the 22 sticking. Once sticking defects occur, the operators must grind the sticking areas on 1 the strip surface, which prolongs the processing time and increases the cost.
2
Although extensive research has been conducted on sticking, measures which are both 3 effective and practical for industrial manufacturers have not been put forward. The 4 application of lubrication onto the work rolls in hot strip mills leads to cost reductions 5 (roll material, energy) and improves product quality (surface defects) (8, 9). The first 6 essential in successfully using a lubricant for hot rolling is the formulation of the 7 lubricant. Of all components in the lubricant, extreme pressure (EP) additives play a 8 key role in preventing sticking and scratch defects. The additives form extremely 9 durable protective films by thermo-chemically reacting with the metal surfaces. The 10 films can withstand extreme temperatures and mechanical pressures and minimize 11 direct contact between surfaces, thereby protecting them from scoring and 12 seizing(10).
13
The current paper reports on two types of experiments, one for the selection of the 14 effective EP additive, the other in order to determine the optimum proportion of the acetone was used to clean the rolls during the interval. The rolled specimens cooled 14 down to room temperature in air.
15
Analysis Methods
16
The microstructures of the tested HSS samples and the deformation behavior of the 17 oxide scales on rolled samples were examined using a JEOL LV scanning electron 18 microscope (SEM) equipped with energy-dispersive spectrometry (EDS) analysis.
19
After dropping the EP solutions to the surfaces of the samples, scratch tests were Cr-Fe rich M 7 C 3 carbides, while Mo-rich M 6 C carbides contain traces of vanadium. for further hot rolling tests to determine its optimum proportion in the lubricant. Hot adding ZDDP (Fig. 4a) , the oxide scale was crushed into relatively large particles 16 during the rolling process and tended to detach from the matrix, and large gaps 17 between the oxide scales were the regions where the matrix was easily exposed, 18 therefore, the most sticking could occur. When 10% ZDDP was added for hot rolling,
large particles were still found, as shown in Fig. 4b . However, the deformation 20 behaviors of the oxide scale were improved with the increase in the amount of ZDDP 21 in the lubricant. As shown in Fig. 4c to f, the oxide scale was rolled into smaller 22 particles and stuck to the matrix. The smaller the particles in the oxide layer after 1 rolling, the more extensive the areas which will be covered. Thus, no large gaps 2 among the oxide layer were observed. Taking factors such as the coverage condition 3 of the oxide scale after hot rolling and cost/performance into consideration, 20%
4
ZDDP is the proportion found by this research to be the most suitable for industrial 5 application.
6
In order to verify the reproducibility of the results, 30% reduction was also employed 7 for hot rolling tests with different ZDDP concentrations, as shown in Fig. 5 . At such a 8 high reduction rate, the oxide layer peeled off and the matrix was exposed when 9 ZDDP was not added (Fig. 5a ). The matrix still exposed through the large gaps in the 10 oxide layer when 10% ZDDP was added (Fig. 5b) , whereas the oxide scales were 11 rolled into small particles and still covered the matrix with ZDDP concentrations 12 above 20% (Fig. 5c to f) . Therefore, it is expected that the sticking problem will be 13 reduced with the addition of ZDDP in the lubricant. 20% ZDDP is still suggested for 14 industrial tests because of the cost/performance benefit.
15
While sticking problem has been found in ferritic stainless steels and in steels 16 containing higher amount of chromium (6), it is rarely reported in carbon steels, and 17 the sticking areas show no coverage of oxides (5). Therefore, the coverage of oxides 18 on the strip matrix is very important in order to prevent sticking defects. is capable of covering the matrix (Fig. 6a) , producing sticking-free strips. However, 2 when the strips with a thin oxide scale on the surface are rolled, the extension of thin 3 oxide scale fails to cover the matrix (Fig. 6b) , resulting in the emergence of sticking 4 defects.
5
The surface of the oxide scale is made up of complicated asperities. Therefore when the thicker ZDDP films may be required to separate the strip from the roll.
18
CONCLUSION
19
In order to prevent the sticking defects during the hot rolling of ferritic stainless steel 
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